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Preface

The main reason behind this book was the necessity to give a proper account to the
considerable interest that arose in the last ten years on the notion of minimal cell.
This is broadly defined as the cell containing the minimal and sufficient number of
components to be defined as alive, or at least capable of displaying some of the
fundamental functions of a living cell. Obviously such a definition encompasses
entire families of semi-synthetic cells, where the term semi-synthetic indicates that
most of the basic components (DNA, enzymes) are extant natural components,
whereas the compartments are usually ad hoc constructed vesicles (generally lipo-
somes, i.e. vesicles made out of lipids). Today this research program is seen as part
of the broader scenario of synthetic biology, and in particular of “chemical syn-
thetic biology” (Luisi 2007), as indeed the operational procedures attending their
production in the laboratory are exquisitely chemical (and not so much genetic
manipulations as most of the engineering synthetic biology).

The story of the minimal cell on the basis of liposomes started in the early 1990s
mostly in my laboratory at the ETH Ziirich, where we set up methods to perform
complex molecular biology reactions inside liposomes, for example the polymerase
chain reaction (Oberholzer et al. 1995a), or the incorporation of the entire ribosome
machinery inside liposomes with the production of the first polypeptide chain
(Oberholzer et al. 1999). I believe the term “minimal cell”, related to the synthetic
biology using liposomes, appeared in that 1995 paper with Oberholzer (Oberholzer
et al. 1995b). At that time we were practically the only ones in the field, but at the
turn of the century several valid groups begun to work with liposomal minimal
cells, among which Yomo (Yu et al. 2001; Ishikawa et al. 2004), Noireaux and
Libchaber (2004), Yoshikawa and coworkers (Nomura et al. 2003; Tsumoto et al.
2001); and well known people like David Deamer dealt with the subject (Chakrabarti
et al. 1994, Pohorille and Deamer 2002). When I moved to Rome in 2003, I took
with me the research projects in chemical synthetic biology, and had the good for-
tune to be accompanied by Cristiano Chiarabelli and Pasquale Stano, whereby the
latter has been supervising in Rome all the work with liposomes, including the
minimal cell work.

While progress in this field was progressing, it became clear to several of us that a
number of basic concepts involving the physical chemistry of cells were necessary
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to advance the work with the minimal cell/minimal life, concepts which were by no
means clarified yet in the literature. The entrapment of components into a liposome
was in fact re-proposing the general problem of the local concentration in biologi-
cal compartments, with keywords such as molecular crowding, the state of water in
a restricted volume, the anomalous internal pH, and the general question whether
and to what extent the thermodynamic and kinetic patterns of the bulk solution
were still valid in a small, crowded environment.

These fundamental questions relating to the physical and chemical state of com-
ponents inside a living cell, and to their behaviour, form the second and comple-
mentary reason for the production of this book.

Thus, this book is formally divided into three related and partly overlapping
parts. It starts with a discussion on the physical aspects, beginning with the question
of the physical state of the cytoplasm (Keighron and Keating), the mechanical
properties of the cell (Boal and Forde), the internal cellular crowding (Acerenza
and Grafia). The next question is another classic one: what are the minimal dimen-
sions of a cell (Moore), a question which has been recently addressed in the litera-
ture with the minimal size of functional liposomes (Souza et al. 2009). The
conclusive chapter of the first part deals with a discussion of confinement and
crowding (Minton and Rivas).

After this physico-chemical prelude, the book moves towards biological func-
tionality, and we will find the contribution of Lancaster and Adams where the ques-
tion of the minimal physical size is seen also in terms of the minimal genome size.
The two minimal sizes are related by another classic question: how can the long,
rigid duplex of DNA be entrapped into a small compartment having dimensions
which are an order of magnitude smaller. This question has been investigated in the
literature also with reverse micelles, obtaining evidence for the super-condensed
“psi” form of DNA (Osfouri et al. 2005).

And how does water present in the crowded environment play in all that? The
contribution by Pollack and collaborators addresses this point.

And than the book moves towards more and more biological aspects, with the
contribution by Monnard and Deamer , who tackle the question of the assembly of
bio-membranes, and Gardner and Davies who address the constitution of cells, still
from a chemical point of view.

And now, with the third part of the book, we are in business with the minimal
cell. We start with an analysis of Yoshikawa, Nomura and collaborators on how to
construct an in vitro model of a living cellular system, followed by a review article
by our group where most of the basic concepts and experimental procedures to
make a liposome minimal cell are summarized and critically evaluated. From here
we move towards the most advanced operational procedure of Kumura to produce
two different membrane proteins inside liposomes. With the contribution of Petra
Schwille we find another classic question in the liposome field, namely, what can
we do with giant vesicles, those which can reach the dimensions of real biological
cells? A modelistic approach to the minimal cell is presented by Fabio Mavelli, in
the very interesting case of a RNA minimal cell — no proteins, no DNA. And we
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end up with a contribution by Yomo and collaborators, where we are finally taken
up to the complexity of biological evolution.

It is clear, I believe, from this rich display that the research on the minimal
cell(s) represents an important sector of the life science activity. Without forgetting
that this project has a target of historical, almost epochal value: the construction of
life in the laboratory.

Rome Pier Luigi Luisi
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Chapter 1
Towards a Minimal Cytoplasm

Jacqueline D. Keighron and Christine D. Keating

Abstract Cytoplasm is common to all living cells and is increasingly recognized
for its active role in facilitating and regulating intracellular reactions. Models
for the crowded, dynamic, and compartmentalized cytoplasm should therefore
be considered for incorporation in minimal cells. This chapter begins with an
introduction to biological cytoplasm and then describes several approaches to
primitive models of the intracellular environment. Key aspects of the cytoplasm
that have been incorporated in model systems thus far include restricted volumes,
macromolecular crowding, and colocalization or compartmentation of biomolecular
components.

In this chapter, we focus on experimental models for an often overlooked but
ubiquitous and critically important cellular component, the cytoplasm. The
cytoplasm was once viewed as a relatively homogeneous background solution that
contained the organelles and cytoskeletal elements. This view has been challenged
by recent work demonstrating the substantial impact that high concentrations of
macromolecules, small volumes, and dynamic spatial organization can have on
biomacromolecular conformations, interactions, and reactivity. Many aspects of the
intracellular environment cannot be reconstituted in simple aqueous buffers, due to
lost organization upon dilution and/or homogenization. However, increased
understanding of the composition and properties of biological cytoplasm is leading
to the generation and analysis of biomimetic cytoplasm-like environments. Such
work could help elucidate the physical basis of intracellular organization and its
consequences both for living cells and their prebiotic ancestors.

This chapter begins with a general description of the cytoplasm and its properties.
We then introduce the basic components of bulk and microscale model cytoplasms
that have been considered to date, with particular attention focused on two classes
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of model system: (1) enzyme assemblies, which mimic the multienzyme complexes
found in cells, and (2) aqueous phase domains, which mimic intracellular
microcompartments. Finally, we briefly discuss the possible evolutionary importance
of a minimal cytoplasm.

1.1 Cytoplasm

Cytoplasm refers to the cytosol and any organelles or other inclusions. It makes up a
significant fraction of the cell volume (Goodsell 1991), has on average 200-300 mg/ml
of protein (Zimmerman and Trach 1991), and is the site of protein production/degradation
and much of cellular metabolism (Alberts et al. 2002). The highly crowded liquid or
gel-like phase of the cytoplasm is referred to as the cytosol or cytoplasmic matrix, which
contains high concentrations of macromolecules and is heterogeneous, with spatially
varying composition (Walter and Brooks 1995; Alberts et al. 2002; Ellis and Minton
2003). Three important aspects of the intracellular environment — macromolecular
crowding, small volume, and compartmentation — are of particular interest. These will
be discussed in the following sections.

1.1.1 Macromolecular Crowding

Although cells are approximately 70% water by weight, macromolecules occupy
most of the cytoplasmic volume. Consequently, the cytosol is a thermodynamically
nonideal solution, in which the volume of solutes cannot be ignored, and their
chemical activities cannot be accurately estimated as equal to their concentrations
(Minton 2008; Zimmerman and Minton 1993). Figure 1.1a depicts an E. coli cell at
% 5,000,000 magnification, such that the volume occupied by macromolecules,
small molecules, and water in the cell can be visualized. Because no two molecules
can occupy the same physical space at a given time, any volume occupied by a
macromolecule in the cytoplasm is unavailable for subsequent macromolecules to
sample. As illustrated in Fig. 1.1b, this leads to an increase in effective concentration
for macromolecules, which cannot access much of the volume due to the presence
of other macromolecular solutes. Thus, volume exclusion due to macromolecular
crowding can have a substantial effect on the behavior of biomacromolecules,
altering reaction rates and equilibria in the cytosol (Ellis 2001; Zimmerman and
Trach 1991).

The concentration of background macromolecules within a cell has implications
for protein-protein interactions. Multiprotein structures observed and/or postulated to
occur in living cells often cannot be recovered from lysed cells, presumably because
the weak binding interactions responsible for assembly are lost in dilute solution. As
Srere and Mathews pointed out, for a weakly associated enzyme complex with dis-
sociation constant K = 107 M and intracellular concentration 5 x 107 M, dilution



1 Towards a Minimal Cytoplasm 5

Fig. 1.1 (a) Drawings depicting macromolecular crowing in a portion of an E. coli cell at increasing
magnification from left to right. At the highest magnification individual water molecules are
shown (Adapted with permission from Goodsell 2009). (b) Volume exclusion impacts larger
solutes (left) to a greater extent than smaller solutes (right). The shaded portion of the solution
represents the volume available to a molecule of interest (black)

by 5x during cell lysis will reduce the percentage of complexes from 60% to just
10% (Srere and Mathews 1990). Strategies for preventing dissociation due to dilution
when cells are lysed include reducing the amount of solution used and adding crowd-
ing agents such as polyethyleneglycol (PEG) during lysis. Addition of a nonbio-
logical crowding agent such as PEG has been used to reconstitute enzyme complexes
outside of the cell that are thought to exist in the cytoplasm (Datta et al. 1985;
Rohwar et al. 1998).

The composition of macromolecules in the cytoplasm can change over time, sug-
gesting that protein structure and/or association state may be altered as the cytosolic
environment changes (Batra et al. 2009). Changes in the concentration of macromol-
ecules can occur by osmotic shrinkage or swelling, and can regulate activities within
the cell. Increased macromolecular crowding upon exposure to higher external
osmolality has been proposed to protect E. coli cells by favoring macromolecular
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associations, which has several consequences including the stabilization of
protein-DNA interactions (Cayley and Record 2004). Mammalian cells also respond
to osmotic stress. For example, the rate of proteolysis and protein synthesis in rat
liver cells could be correlated with the osmotic pressure. Under hypotonic condi-
tions, water entered the cell, decreasing the concentration of macromolecules, and
proteolysis was inhibited. Under hypertonic conditions, protein synthesis was inhib-
ited and proteolysis was stimulated (Haussinger and Lang 1991; Stoll et al. 1992).

While this chapter focuses on the cytoplasm, it is important to note that the
effects of macromolecular crowding are not confined to the cytosol. Crowding has
also been shown to affect nuclear compartments. When cell nuclei were placed in
hypotonic solution where water was absorbed through the membrane, increasing
the total volume, compartments such as nucleoli and PML bodies dissociated.
Activity of the nucleoli dropped to ~15%. Addition of a crowding agent, PEG,
caused these compartments to reform and improved nucleoli activity. When this
process was carried out within an agarose gel, which confined the total volume of
the nucleus and prevented dilution, no disassembly occurred (Hancock 2004).

1.1.2 Microvolumes

The small volume of biological cells also impacts intracellular reactions. Size varies
depending on the type of cell, with the smallest bacterial cells having volumes as
low as 1 x 1077 L. and some of the largest oocytes as high as 0.5 pL. (Luby-Phelps
2000). Biomolecules such as enzymes can react more favorably due to the increase
in collisional frequency in a confined volume (Chiu et al. 1999a, b; Walde and
Ichikawa 2001; Chen et al. 2009). It is important to consider not only the
concentrations of molecules within the cell, but also the absolute numbers of
molecules. Many biomolecules have limited copy numbers in the cell, for example
an enzyme present at 10 nM in a bacterial cell may only translate to a single copy
in the sub-femptoliter volume of a single cell. In E. coli, the metabolite pyruvate is
present at a concentration of 390 uM (Albe et al. 1990); this equates to about 1,400
molecules in the entire cell (cytoplasmic volume of 6 x 107! L). Even in the much
larger volume of mammalian cells [~2 pL (Short et al. 2005)], a 1 nM concentration
of a biomolecule would only equate to ~1,000 copies in the entire cell. With low
numbers of copies present, fluctuations can limit the availability of substrates for a
reaction to take place (Luby-Phelps 2000). Within the microvolume of the cell,
limited substrate availability, the diffusional barrier of the cytoplasm and the
possibility of metabolite scavenging increase the benefits of enzyme association
(Milani et al. 2003) and favor the formation of compartments.

1.1.3 Compartmentation

The intracellular environment is not only small and crowded with biomacromolecules,
itis also spatially compartmentalized. Cytoplasm exhibits several types of organization,
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the most obvious of which are the distinct environments provided by the organelles.
Additionally, the cytosol can maintain differences in composition at different sites via
complex formation, and ion and small molecule gradients are common (Aw 2000).
Even single bacterial cells show internal heterogeneity (Fig. 1.1a, left). The nonuniform
distribution of molecules within the cell, often termed microcompartmentation, is
thought to be important for cellular function, yet in many cases how it is maintained
and why it is necessary remain unclear (Walter and Brooks 1995).

In eukaryotic cells, membranes often serve as intracellular boundaries,
compartmentalizing various portions of the cell within distinct organelles. Each
carries out functions vital to survival. For example, mitochondria and chloroplasts
generate ATP for cellular energy requirements, the endoplasmic reticulum translates
and folds proteins, and the golgi apparatus modifies proteins after translation. The
contents of these compartments are non-homogenous; the nucleus contains nucleoli
and subnuclear structures such as the PML bodies and Cajal bodies (Dundr and
Mistelli 2001), while the individual cisternae of the golgi apparatus contain
different enzymes (Alberts et al. 2002). It should also be noted that the organelles
themselves are non-randomly distributed within the cytoplasm at considerable
energetic cost to the cell (Luby-Phelps 2000). Mitochondria, for example, will
localize near sites of high ATP consumption in order to overcome diffusion barriers
in the cell that could reduce the efficiency of ATP utilization (Aw 2000).

Small molecules and metabolites are also non-uniformly distributed. Clusters of
mitochondria cause gradients of O,, ATP, and pH in the cytoplasm. ATP that is
generated by the mitochondria is found in higher concentrations around the
mitochondrial surface, and O, and pH levels are lower here than elsewhere in the
cytoplasm (Aw 2000). Pools of metabolites are thought to build up in the vicinity
of enzymes in metabolic pathways, which may have a rate enhancing effect on
activity since the local substrate concentration is higher around the enzyme (Milani
et al. 2003; Aw 2000). For example, in prokaryotes the pooling of dNTPs aids in
DNA replication because the K, of the replication machinery is low; saturation
conditions require 0.2—1.0 mM dNTPs, while intracellular concentrations of ANTPs
are ~100 uM (Aw 2000).

Components of metabolic pathways come together in a variety of ways to
maximize metabolic efficiency (Srere 1987; Islam et al. 2007). Multienzyme
complexes have been reported for the Krebs cycle, glycolysis, and nucleic acid pro-
duction. The enzymes of the Krebs or citric acid cycle provide an example of a static
enzyme complex, found in the cytoplasm of prokaryotes and the mitochondrial
matrix of eukaryotes. This complex is involved in cellular respiration and regulated
by substrate availability, product inhibition, and allosteric inhibitors (Nelson and
Cox 2000; Ovadi and Srere 2000). In contrast, the de novo purine biosynthetic path-
way is a transient assembly in which the enzymes colocalize when purines are not
available to the cell. Here, proximity between the enzymes may play a role in regu-
lating the activity of the pathway (An et al. 2008). To take advantage of the antici-
pated benefits of colocalization (Conrado et al. 2007), Dueber et al. recently
constructed an artificial metabolon within a living cell that enhanced the production
of a desired product, mevalonate (Dueber et al. 2009). This was achieved by express-
ing modified versions of the three biosynthetic enzymes, each with a different
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binding domain for sites on a scaffold protein that was also expressed in the cells.
The scaffold served to spatially organize the three enzymes within the E. coli cell,
and to control the stoichiometry of the assembly. This strategy resulted in a 77-fold
increase in product generated, suggesting that the desired assemblies did form in the
cell, and that the colocalization of these sequential enzymes substantially improved
efficiency of the pathway (Dueber et al. 2009).

In addition to organelles, molecular gradients, and metabolic assemblies, still
other types of intracellular organization have been observed. For example, in
prokaryotes nucleic acids are condensed to form a nucleoid, which is spatially
distinct from metabolic components (Goodsell 1991). Recently, researchers have
determined that P granules in C. elegans embryos are liquid droplets. P granules
are thought to play a role in germ cell specification and are uniformly distributed
throughout the cytoplasm before the embryo develops polarity. Once symmetry is
broken and cell division begins the granules in the anterior of the cell dissolve
while granules in the posterior of the cell condense. This is proposed to be driven
by concentration gradients of the granule components related to the concentra-
tions of specific proteins in the cell (Brangwynne et al. 2009). The presence of
liquid droplets as distinct intracellular domains is consistent with hypotheses by
several groups that aqueous phase separation should occur in cytoplasm due to
high concentrations of macromolecules (Walter and Brooks 1995; Edmond and
Ogston 1968 and Runnstrom 1963). Walters and Brooks proposed that if phase
separation did occur, it could lead to microcompartmentation of the cytoplasm,
and could explain many observations that have been made in biological cells
(Walter and Brooks 1995).

1.2 Experimental Models for the Intracellular Environment

Models for cytoplasm can come in a variety of forms depending on what properties are
under consideration. Perhaps the simplest minimal cytoplasms are bulk aqueous
solutions that mimic the thermodynamically nonideal solution chemistry of the cell by
including high concentrations of background macromolecules. Models for multiprotein
complexes have been prepared using protein fusions or assembly scaffolds to colocalize
sequential enzymes; this enables study of the kinetic consequences of colocalization
outside of the cell. The small volume of the cell interior has been mimicked by
conducting reactions inside “cell-sized” vesicles or liquid droplets. Droplets can be
easier to prepare with desired internal contents, while vesicles, especially lipid vesicles
(liposomes) may be considered more cell-like due to their semipermeable lipid bilayer
membranes. Recent work by several groups has sought to add complexity to the
interiors of cell-sized lipid vesicles. For example, organization of vesicle interiors has
been realized by encapsulation of smaller vesicles, hydrogels, or aqueous two-phase
systems. These provide primitive models for microcompartmentation of the cytoplasm.
The following subsections introduce experimental models of cytoplasm, and are
organized based on whether the model systems are bulk solutions or microvolumes.
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1.2.1 Bulk Cytoplasm Models

In vitro experiments can be become more realistic models of the intracellular
environment even by very simple changes to standard bulk solutions. For example,
enzyme and substrate concentrations can be selected to more accurately reflect those
found in the cell or intracellular compartment where the reaction occurs in vivo
(Luby-Phelps, 2000; Albe et al. 1990). Since background macromolecule concentra-
tions exert a substantial impact on protein conformation, intramolecular interactions,
diffusion, etc., it is important to include them in any model of the cytoplasm. Addition
of even simple polymers can provide excluded volume effects, bringing the test tube
environment closer to that found intracellularly. More elaborate models can also be
adopted, including colocalization of biomolecular components.

1.2.1.1 Polymer Solutions Can Provide Volume Exclusion

Several excellent reviews have appeared which cover experimental and theoretical
work on the effect of macromolecular crowding/volume exclusion on biochemical
conformations, associations, and reactions (Minton 2007; Minton 2008; Ellis 2001;
Zimmerman and Minton 1993). We will introduce this subject briefly here, and
refer the reader to these reviews for further information.

Addition of several weight percent of a polymer such as PEG, dextran, or
Ficoll can provide a simple model for the volume exclusion effects of
macromolecular crowding. The magnitude of these effects is large. This can be
seen for example in the effect of volume exclusion on protein association. The
association constant for dimerization of a spherical, 40 kDa protein has been
estimated to be about an order of magnitude greater in a crowded solution
mimicking E. coli cytoplasm as compared to dilute solution. The effect becomes
several orders of magnitude for tetramer formation (Ellis 2001). Larger molecules
drive association more effectively than smaller ones; PEGs with higher molecular
weight (MW) have been found to induce fibrillation of a-synuclein faster than
lower MW PEGs (Munishkina et al. 2004). Snoussi and Halle have studied
protein self-association as a function of increasing dextran volume fraction, and
found a 30-fold increase in the formation of decamers at a volume fraction of
14% dextran, which is still lower than intracellular excluded volume (Snoussi and
Halle 2005). The identity of crowding agent used can impact results. For example,
PEG 3.3 kDa was more effective than Ficoll 70 kDa or larger molecular weight
proteins (10x as compared to 3x and 6x over control, respectively) (Kozer and
Schriber 2004). Minton and coworkers have recommended that PEG be avoided
as a crowding agent due to additional effects observed for this polymer that
cannot be quantitatively described by volume exclusion alone. They suggest
polysaccharides (dextran, Ficoll) or proteins (BSA) as attractive alternatives to
PEG (Zhou et al. 2008).
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Because the cytosol has many different macromolecular components rather than
a single species, model systems that incorporate multiple crowding agents may
more accurately mimic the intracellular environment. Mixtures of different
crowding agents Ficoll 70 kDa and dextran 6 kDa have been used in studies of
protein folding; researchers found that the mixture of two crowding agents exerted
a greater stabilizing force on the enzyme structure than the additive effects of the
two molecules by ~0.5 kcal/mol (Batra et al. 2009). The ratio of two crowding
agents has been predicted and experimentally observed to impact the effect on
protein folding (Zhou 2008; Batra et al. 2009; Du et al. 2006).

1.2.1.2 Enzyme Assemblies Can Provide Colocalization

There are a variety of proposed benefits to the multienzyme complexes described
in Section 1.1.3. These include increased local concentration of intermediates,
protection of intermediates from scavenging by other pathways, safeguarding labile
intermediates, and increased rate of production due to the reduced proximity
between enzymes (Milani et al. 2003; Srere 1987). Perhaps most significantly,
changes in colocalization could provide a mechanism for regulating pathways
(Keleti et al. 1989; An et al. 2008). Quantitative assessment of these anticipated
advantages is difficult in vivo due to the complexity of the biological systems.
Model systems offer a promising route to experimentally investigating the potential
consequences of colocalization. Enzymes have been assembled artificially on
scaffolds such as metal and latex nanoparticles, or expressed as fusion proteins.

Fusion proteins containing two or more activities. Fusions have been prepared
via genetic engineering such that a single polypeptide chain is expressed that
contains what would have been two (or more) distinct proteins, with a short
linker sequence connecting them. In this way, sequential enzymatic activities
can be incorporated in close proximity as a single molecule (Bulow and Mosbach
1991; Conrado et al. 2008). Fusion proteins are attractive models for multien-
zyme complexes because they provide control over enzyme stoichiometry and
fix the relative position of the component enzymes (i.e., either at the C- or
N-terminus of adjacent enzymes). They do not require adsorption to a solid sup-
port, and thus avoid denaturation concerns common to surface adsorption
experiments. Some sequential enzyme pathways, for example the purine de novo
biosynthesis pathway, appear to have taken a similar approach to colocalizing
some of the activities during evolution: in E. coli, each of the ten different steps
in the pathway is catalyzed by a separate protein, while in higher organisms
several of the steps are found in the same protein, which in terms of sequence
homology appears to be essentially a fusion of the proteins that were present in
E. coli (Zalkin and Dixon 1992).

Fusion proteins that colocalize sequential enzymatic activities can increase the
sequential reaction rate and decrease the transient time before a steady state activity
is achieved (Ljungcrantz et al. 1989; Lindbladh et al. 1994; Mao et al. 1995).
Proximity also enhances the rate of sequential reaction as compared to a competing
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reaction (Bulow 1987; Lindbladh et al. 1994; Mao et al. 1995). An example of this
can be found with a fusion protein of the glucose phosphotransferase system from
E coli. Here subunits from four enzymes were expressed together and compared to
the activity of an equimolar mixture of isolated subunits (Mao et al. 1995). They
found that activity of the fusion protein was 3—4x greater than the isolated subunits,
and that a competing pathway did not affect activity of the fusion protein, but did
compete effectively with the isolated subunits. Multiple copies of each subunit were
also incorporated into the same fusion protein. More copies of the early steps in the
pathway was found to stimulate the total pathway production, while more copies of
enzyme subunits occurring later in the pathway had a negligible or inhibitory effect
on activity. Similar experiments with isolated subunits had little to no effect on the
activity of the pathway (Mao et al. 1995). In the presence of a background
macromolecule such as PEG the sequential activity of fusions is enhanced, most
likely due to reduced diffusion coefficients for intermediates (Datta et al. 1985).

Fusion proteins are not without challenges. Although gene fusion orients the C
and N termini of the proteins, the orientation of the active site cannot be easily
controlled, and aggregation can be common for multi-subunit enzymes. The
individual enzymes in the fusion can have reduced activity, and fusion can affect
the K,,, optimal pH, and stability of the proteins (Bulow and Mosbach 1991). In
some cases, it may not be clear whether enhanced activities are due to channeling
or just proximity/diffusion (Pettersson and Pettersson 2001; Shatalin et al. 1999).
Despite these potential difficulties, fusion proteins have provided a good model
system for multienzyme complexes without potential deleterious effects of adsorp-
tion to a solid support.

Enzymes attached on or in scaffolds. Intracellular surfaces such as membranes and
the cytoskeleton are thought to serve as scaffolds for assembly of some multiprotein
complexes (Keleti et al. 1989; Campanella et al. 2005). Adsorption or chemical
attachment of enzymes to solid supports such as metallic, polymeric, or silica par-
ticles can serve as a simple model system for these types of assemblies (Mosbach
1976). Methods for preparation and analysis of protein-coated scaffold particles are
relatively advanced due to longtime use of protein-coated gold nanoparticles as
biospecific stains in electron microscopy (Hayat 1989), and more recent bioanalyti-
cal and biotechnological application for biomolecule-coated nano- and micropar-
ticles (Wang 2006). Unfortunately most of this work has not focused on
quantification of enzymatic activity for bound proteins. There are, however, a grow-
ing number of studies that have compared activity for bound vs. free enzymes and
for colocalized vs. non-colocalized sequential reactions (Beeckmans et al. 1993;
Cans et al. 2007; Abad et al. 2005; Srere et al. 1973; Mukai et al. 2009; Pescador
et al 2008).

Adsorption to a scaffold can alter the enzymatic activity for several reasons,
including denaturation of the protein on the surface, steric hindrance due to the
presence of the particle and/or the adjacent adsorbed protein, and/or adsorption
orientations that may block the active site. It is therefore important to compare
activities for adsorbed enzymes with an equivalent amount of enzyme in free
solution. Determination of specific activity requires quantification of the number of
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enzyme molecules bound to the particles, which can be challenging for irreversibly
bound molecules. This can be done by subtractive methods where the amount
bound is determined based on what is left in solution, or by removing the enzymes
from the particles (Horisberger and Vauthey 1984; Xie et al. 2003). When
adsorption is not reversible, as in the case of proteins directly adsorbed to gold
nanoparticles, it may be possible to dissolve the particles to release the bound
biomolecules (Cans et al. 2007).

Enzymes can be attached to a scaffold in a single layer using covalent or
noncovalent approaches; reversible immobilization is particularly attractive because
they enable removal of bound enzyme molecules for quantification and determination
of specific activity. For example, HRP has been expressed with a hexahistidine tag,
which was then bound to Ni(II)-nitrilotriacetic acid groups on a gold particle. The
activity for these HRP bound in a single layer was essentially the same as free in
solution (Abad et al. 2005). This general approach has been used to prepare
surfaces coated with mixtures of two sequential glycolytic enzymes, hexokinase
and glucose-6-phosphate isomerase. Sequential activity of the surface-tethered
enzyme pair could then be measured (Fig. 1.2a) to demonstrate rate enhancement
due to colocalization (Mukai et al. 2009).

Biological multienzyme assemblies can have protein cores, and in some
cases the interior proteins are enzymes responsible for catalysis of one of the
reaction steps (Alberts et al. 2002). Model systems for enzyme multilayers can
be assembled by direct adsorption. For example, Cans et al. (Fig. 1.2b) quanti-
fied HRP enzymatic activity for enzyme adsorbed to the nanoparticle under
different conditions. When sufficient enzyme was available in solution, HRP
multilayers formed on the particles. Multilayer formation impacted the activity
of the adsorbed molecules. As the number of enzymes per particle increased,
the specific activity of HRP decreased and the total activity per particle
remained relatively constant. This suggests that only the outermost layers of
enzyme were active, perhaps due to steric hindrance caused by the surrounding
enzyme, or the inability of substrates to diffuse into the complex (Cans et al.
2007). Since biological complexes can have many layers of enzymes, the steric
and diffusion concerns raised by the model system may be relevant intracellularly.
For example, the pyruvate dehydrogenase complex is a three-enzyme pathway that
can be isolated from cells as 50 nm assemblies (Wagenknecht et al. 1991). The
first and third enzymes in the pathway are associated with the surface of a core
made up to 60 copies of the second enzyme (Fig. 1.2¢) (Alberts et al. 2002).

An attractive model system for controlled fabrication of enzyme multilayers
is the incorporation of the pathway enzymes during layer-by-layer deposition
of polyelectrolytes. These are constructed by sequential adsorption of polyca-
tions and polyanions on a latex bead or other support. Enzymes can be incorpo-
rated in desired layers during assembly (Caruso and Schuler 2000; Balabushevich
et al. 2005). Although most efforts in this area have been directed towards
biotechnological or sensor applications, these types of assemblies are also
interesting as models for intracellular organization. Pescador et al. recently
used this approach to immobilize the enzymes onto the scaffold particle with
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Fig. 1.2 (a) Enzymatic activity for two sequential enzymes bound to a planar support (Adapted
with permission from Mukai et al. 2009). (b) Effect of multilayer formation on HRP enzymatic
activity (Adapted with permission from Cans et al. 2007). (¢) Transmission electron microscope
image of mammalian pyruvate dehydrogenase complex. Scale bar = 100 nm (Image adapted with

permission from Wagenknecht et al. 1991)

controlled geometry: the two enzymes were assembled either into the same or
different layers of the coating. These authors not only confirmed that pathway
efficiency was greater for the artificial complex than in dilute solution, they
also showed that even within the complex, enzymes work more efficiently when
they are closer together and there are fewer barriers for the diffusion of

intermediates (Pescador et al. 2008).
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The properties of the scaffold itself can be an important factor in these types
of experiments (Katchalski et al. 1971). When Koch-Schmidt et al. compared
activities for separate and colocalized malate dehydrogenase (MDH) and citrate
synthase (CS), with colocalization achieved either as fusion proteins or by
adsorption to a sepharose bead scaffold, they found that fusion had no effect
on the efficiency of the pathway in dilute solution, and the activity of the
immobilized enzymes were 10-20% higher than that of enzymes in dilute
solution (Koch-Schmidt et al. 1977). Sepharose beads provided a unique
support for the enzyme system in this case because of large pores that enabled
diffusion and concentration build up into the bead, and an unstirred layer of
solution associated with the surface of the bead. In a related study, Srere and
coworkers observed rate enhancements for a three-enzyme system (MDH, CS,
and lactate dehydrogenase) immobilized together that depended both on the
ratio of the three enzymes and the type of immobilizing matrix (Srere et al.
1973). Systems that include three sequential enzymes generally show an
increased advantage to colocalization as compared with two-enzyme systems
(Mattiasson and Mosbach 1971; Srere et al. 1973).

1.2.2 “Cell-Sized’ Volumes

A variety of approaches have appeared for conducting reactions inside lipid vesicles
and other microscale containers, including surface-based strategies that can monitor
many liposome reactors simultaneously (Christensen and Stamou 2007), and
liposome-nanotube networks that offer sophisticated control over reactant mixing
(Lizana et al. 2009). Several enzymatic processes have been carried out within
vesicles, including protein/nucleic acid expression, PCR, production of lipid used
for vesicle growth, and polymerization of polypeptides and sugars (Nasseau et al.
2001; Apel et al. 2002; Murtas et al. 2007; Hanczyc et al. 2003; Chen and Szostak
2004; Monnard et al. 2007; Oberholzer et al. 1999a; Oberholzer et al. 1999b;
Oberholzer et al. 1995). It is unfortunately not common to directly compare
reactivity inside the vesicles with that in bulk solution, partly due to uncertainties
in the encapsulated concentrations of reactants.

Depending on the system under study, enzymatic reactions in restricted volumes
can be similar to or different from reactions carried out in bulk solution. Chen et al
monitored the production of a fluorescent enzymatic product to determine kinetic
constants for trypsin in attoliter volumes. They found that the turnover number (k_ )
in restricted volume was always higher than that found in free solution, and that the
Michaelis-Menton constant (K,,) decreased, leading to a two orders magnitude
increase in enzyme efficiency (k_ /K, ) (Chen et al. 2009). This increase was
attributed to an increased frequency of collision between enzyme and substrate
molecules with each other in a microcompartment (Chiu et al. 1999b; Chen et al.
2009). In contrast, Vogel and coworkers measured enzymatic parameters for
alkaline phosphatase in micron-scale liposomes that were quite similar to values for
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bulk solution (Bolinger et al. 2008). Even for micron-scale liposomes, volume can
be used to regulate reaction rates by varying the volume to dilute or concentrate
encapsulated reagents (Lizana et al. 2008).

Several recent studies have incorporated additional aspects of cytoplasm within
the “cell-sized” volumes of lipid vesicles, bringing us closer to a minimal cell/
minimal cytoplasm combination. These efforts will be described in some detail in
the following section.

1.3 Incorporation of Model Cytoplasm into the Minimal Cell

Membranes composed of lipid and protein serve as a selectively permeable barrier
between the exterior and interior of the cell (plasma membrane), as well as the
boundary between cellular components in higher order cells (nuclear, organelle
membranes). The boundary between the inside and outside of a model cell can be
composed of a variety of materials, both biological and non-biological, that serve to
enclose the interior of the cell from the external environment. Non-biological materi-
als used as microvolume boundaries include polyelectrolyte shells (Liu et al. 2005),
di-block copolymer vesicles (Chen et al. 2009), and microemulsions (Pietrini and
Luisi 2004). Considerable effort has also focused on vesicles formed from lipid
membranes, which can be functionalized with additional membrane components
such as modified lipid headgroups, cholesterol, and proteins (Walde and Ichikawa
2001; Luisi and Walde 2000; Luisi et al. 1999). Finally, other amphiphiles such as
fatty acids and their glycerol esters have been explored as a means of increasing the
permeability of the membrane for improved transport of reactants (Mansy et al.
2008; Mansy 2009). In the following sections, we will focus on the organization of
aqueous interiors within any of these boundary membranes.

1.3.1 Macromolecules and Macromolecular Crowding
in Model Cells

The inclusion of biomacromolecules such as DNA, RNA, and enzymes into a
vesicle makes it possible to perform biochemical reactions in restricted volumes
and provides a basic model of a protocell (Monnard et al. 1997). To date, a variety
of species have been encapsulated within vesicles, including polymers, nucleic
acids, enzymes, proteins, small molecules, and gels (Dominak and Keating 2007,
Fischer et al. 2002; Oberholzer et al. 1999a, b; Walde and Ichikawa 2001). In contrast
to bulk model systems, crowding efforts in microvolumes have thus far focused on
the process and effectiveness of encapsulating macromolecules rather than the
physico-chemical consequences of their presence. Several factors have been found



16 J.D. Keighron and C.D. Keating

to influence the encapsulation of a solute, including its molecular weight, the size
of the vesicle, the concentration and charge of both solute and vesicle, and the
salt concentration (Monnard et al. 1997). In addition to making small-volume bio-
chemical reactions possible, encapsulating macromolecular species into model
cells can provide a more cell-like environment where microcompartmentation,
macromolecular crowding, and restricted substrate concentrations can have mea-
surable impacts on the outcome of a reaction.

An important parameter for both model cell and medical applications is the
encapsulation efficiency (EE). Two general approaches have been taken to
determination of encapsulation efficiency, with the selection of method depending
on the experimental system under investigation. For submicroscopic vesicles, it is
common to measure the bulk encapsulation efficiency (BEE), which is the
concentration of encapsulated species in a population of vesicles after they have
been disrupted and their contents released into bulk solution (Szoka and
Papahadjopoulos 1980). For example, if a solute were encapsulated in liposomes
such that the concentration inside each liposome was equal to the external
concentration, then the BEE would depend entirely on the volume fraction
encapsulated, which is generally small. BEE can be improved via increasing the
lipid concentration, which increases the volume fraction encapsulated, or by
solute-specific approaches such as electrostatic attractions between the solute and
the vesicles. In contrast, the individual encapsulation efficiency (EE, ), refers to the
relative efficiency of solute encapsulation in individual vesicles in a population
(Dominak and Keating 2007). EE,  is generally used for giant vesicles over 1 um
in diameter, which can be individually visualized via optical microscopy,
interrogated via flow cytometry, or optically trapped prior to lysing (Nishimura
et al. 2009; Sun and Chiu 2005). In this case, if a solute was encapsulated such that
the internal and external concentrations were equal, the EE, | would be considered
100%. Both methods can provide information on solute encapsulation, and can be
used to compare preparation approaches to determine which provides superior
encapsulation. For performing reactions inside model cells, the internal concentration
information provided by EE,_  is of particular interest.

Solute encapsulation, especially for macromolecules above 40 kDa, can be quite
heterogeneous between vesicles in the same batch, which could present difficulties
in analyzing experiments if not accounted for (Szoka and Paphadjopoulos 1978;
Dominak and Keating 2007). Yomo and coworkers have used flow cytometry to
compare populations of vesicles prepared in different ways; these authors found
that the water-in-oil emulsion method gave superior lamellarity and encapsulated
volume (Nishimura et al. 2009). The homogeneity of encapsulation was improved for
vesicles prepared by gentle hydration by performing encapsulation under conditions
of macromolecular crowding (Dominak and Keating 2008). Figure 1.3a demon-
strates how the encapsulation of a fluorecently-labeled 500 kDa dextran molecule
is affected by the presence of a background macromolecule. As the concentration
of 8 kDa PEG increases, the fluorescence inside the vesicle increases, indicating
increased internal concentration of the fluorescently labeled dextran. The mechanism
for improved encapsulation was crowding-induced solute condensation. Figure 1.3b
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Fig. 1.3 Macromolecular crowding increases polymer encapsulation in giant lipid vesicles.
(a) Confocal fluorescence shows the location of labeled dextan 500 kDa after formation of giant
vesicles by gentle hydration in a solution of this solute. Increasing concentrations of a nonfluores-
cent polymeric cosolute (PEG) leads to improved encapsulation of the labeled dextran. (b) Light
scattering shows condensation of dextran as volume exclusion is increased (in this case by increas-
ing the dextran concentration); increased encapsulation efficiency results from crowding-induced
condensation of the solute. The solid line represents the average concentration ratio fluorescence
inside to outside the vesicle and the dashed line represents the average diameter of the dextran
(Adapted with permission from Dominak and Keating 2008)

shows how the size and encapsulation of the dextran is altered by the addition of a
crowding species, in this case more dextran. As the solution becomes more crowded
(higher wt% dextran), the hydrodynamic radius of the dextran becomes smaller, which
leads to an increase in the encapsulation efficiency (Dominak and Keating 2008).

1.3.2 Compartments in Model Cells

As described in Section 1.3, living cells exhibit intracellular organization, with
various components found in localized domains and a range of anticipated advantages
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that can be difficult to examine in vivo (Milani et al. 2003). Several approaches have
been developed to provide compartmentalization of cytomimetic models. These
include compartments formed by: (i) internal boundaries, such as small vesicles
entrapped in larger vesicles, (ii) hydrogels, such as poly(N-isopropylacrylamide), and
(iii) aqueous phase separation. Each of these will be discussed below.

1.3.2.1 Compartments Formed by Interior Vesicles

In eukaryotic cells, organelles serve as physically bounded compartments where
macromolecules can be sequestered from the surrounding environment. Artificial
compartments with similarly distinct boundaries have been formed to subdivide the
interior volume of vesicles. For example, small unilamellar lipid vesicles (SUVs,
less than 50 nm in diameter) containing a cargo of carboxyfluoroscein were
encapsulated within large unilamellar lipid vesicles (LUVs, up to 1 pm in diameter).
This is roughly analogous to a vacuole in a eukaryotic cell where a membrane
separates the interior volume from the cytoplasm. Lipid compositions for the
interior SUVs and the encapsulating larger vesicles were selected to enable SUVs
to withstand the formation of the larger vesicle without loss of their contents, and
to enable temperature-controlled release of the SUV contents without disruption of
the larger vesicles (Bonlinger et al. 2004).

Similar compartments have been formed using layer-by-layer adsorption of
polyelectrolytes to form semi-permeable shells around an interior and exterior
compartment, containing HRP and glucose oxidase respectively. This was
accomplished by using sacrificial scaffold of calcium carbonate to build the shells.
The polyelectrolyte shells that served as the physical barrier between the inner and
outer compartment, and between the outer compartment and the surrounding
environment were permeable to small molecules but not the enzymes themselves.
This enabled the substrate, glucose, to diffuse into the vesicle from the external
solution. The glucose undergoes an enzymatic reaction in the exterior compartment
to produce hydrogen peroxide, which diffuses into the interior compartment and
undergoes another enzymatic reaction with Amplex Red to produce a fluorescent
product, which can then diffuse out of the interior compartment (Kreft et al. 2007;
Tong and Gao 2008). This is analogous to the metabolic processes that occur within
the cytoplasmic environment and the mitochondrial environment, where small
molecules pass between the two during metabolism.

1.3.2.2 Compartments Formed by Hydrogels

Hydrogels have been encapsulated within giant vesicles to form interior
compartments that have an independent shape and structure from the vesicle.
In some cases these gels can be compared to the cytoskeleton. Viallet et al. used
agarose to examine the relationship between membrane deformation and the
viscoelastic properties of the cytoskeleton upon osmotic shrinking and swelling.



1 Towards a Minimal Cytoplasm 19

They found that the vesicle shape upon shrinking was different from what has
been reported for solution filled vesicles, and depended on the amount of
agarose encapsulated (Viallet et al. 2004). The cytoskeletal proteins actin and
tubulin have also been encapsulated and polymerized within vesicles; this
provides a route to increased “intracellular” complexity in model cells, and can
help model the cytoskeleton (Merkle et al. 2008; Nomura et al. 2002). Unlike
the nonbiological polymers discussed here, however, these do not create
microcompartments.

Responsive hydrogels have also been incorporated within lipid membranes.
Needham and coworkers prepared a synthetic secretory granule from
pH-responsive microgels that were loaded with the fluorescent anticancer drug
doxorubicin, then coated with a lipid bilayer. The drug could be released by pH-
induced swelling of the microgel (Kiser et al. 1998). The responsive hydrogel
PNIPAAm has been used to form compartments within larger lipid vesicles
(Campillo et al. 2007; Campillo et al. 2008; Campillo et al. 2009; Jesorka et al.
2005; Markstrom et al. 2007). When encapsulated at low concentrations — less
than 0.3 volume fraction of the vesicle — the polymer chains formed indi-
vidual aggregates. At higher encapsulated concentrations, distinct PMIPAAm
microcompartments could be observed within the vesicle (Campillo et al. 2008).
The hydrogel compartments were temperature-responsive (Fig. 1.4b), contracting

Fig. 1.4 Responsive hydrogel microcompartments in giant lipid vesicles. (a) PNIPAAm undergoes
reversible phase transitions upon changes in temperature (Adapted with permission from Jesorka
et al 2005). (b) Fluorescent microparticles are compartmentalized within the hydrogel. Brightfield
and fluorescence images are shown before and after heating to shrink the microcompartment,
concentrating their contents (Adapted with permission from Markstrom et al 2007)
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markedly when heated (Jesorka et al. 2005). This process has been used to
reversibly localize latex beads within the hydrogel compartment, as seen in
Fig. 1.4b (Markstrom et al. 2007). Multiple distinct compartments were formed
by fusing multiple vesicles at elevated temperatures, creating complex
compartmentalization, when the temperature was lowered these phases combine
to form a single PNIPAAm gel (Markstrom et al. 2007). By crosslinking the
polymer to varying degrees the internal compartment of the vesicle can
demonstrate viscosity and shear modulus on par with that observed in a living
cell. When this polymer is crosslinked to form gel inside the vesicle the
membrane shrinks and swells along with the PNIPAAm, changing the size of the
membrane bound compartment (Campillo et al. 2007; Campillo et al. 2008;
Campillo et al. 2009).

1.3.2.3 Compartments Formed by Aqueous Phase Separation

As described above for bulk solutions, biological or nonbiological polymers can
provide volume exclusion. When two or more different polymers are added, it
becomes possible to generate distinct coexisting aqueous phases, which can serve
as microcompartments. Aqueous phase separation has been postulated to account
for many types of intracellular organization (Walter and Brooks 1995), and has
recently been observed in living cells (Brangwynne et al. 2009; Ge et al. 2009).

Solutions of two hydrophilic polymers, such as PEG and dextran, form two dis-
tinct aqueous phases, each predominantly composed of one type of polymer and
water. Phase separation occurs with relatively low polymer concentrations, such that
the overall system is predominantly water (Hatti-Kaul 2000). Figure 1.5a shows a
phase diagram for PEG 4.6 kDa and dextran 10 kDa in water. Here, the lines represent
coexistence curves at different temperatures. As depicted in the inset, when the poly-
mer concentrations fall below the curve the solution exists as one phase, while com-
positions above the coexistence curve exhibit phase separation. Addition of a third
polymer or other solute at a low concentration will result in its partitioning between
the two phases; for example, proteins generally accumulate in the dextran-rich phase
of a PEG/dextran aqueous two-phase system (ATPS) (Zaslavsky 1995). If a third
polymer is added at higher concentration, another phase can form. Multiphase sys-
tems containing up to 18 phases have been prepared (Albertsson 1981).

Aqueous two- or three-phase systems are often used for separations of
biomolecules or cellular components such as organelles (Rogers and Eiteman
1995). They provide a gentle environment for biomolecules, where pH and ionic
strength can be varied as desired. Additionally, the polymers can have a stabilizing
influence on structure and biological activity. Figure 1.5b shows a suspension of
one polymer phase within the other where a fluorescently labeled protein,
o l-antitrypsin, has been partitioned into the dextran-rich phase droplets. Partitioning
can be tailored by manipulating the composition of the system, for example
by increasing polymer concentration, altering polymer identity, changing pH,
or adding an affinity tag to one of the polymers (Hatti-Kaul 2000; Zaslavsky 1995;
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Fig. 1.5 Aqueous two-phase systems. (a) Phase diagram for a PEG/dextran aqueous two-phase
system (ATPS) showing coexistence curves at two temperatures. The solution exists as a single
phase at compositions below the curve, and phase separates into a PEG-rich top phase (labeled with
AlexaFluor 488-labeled PEG) and a dextran-rich bottom phase at higher polymer concentrations
(Adapted with permission from Long et al. 2005) (b) Protein partitioning in an ATPS. Here, drop-
lets of the dextran-rich phase surrounded by the PEG-rich phase were formed by shaking a bulk
ATPS. Fluorescence indicates the location of AlexaFluor 488-labeled o.l-antitrypsin, which has
partitioned strongly into the dextran-rich phase

Albertsson 1981). These effects are enhanced by increasing the size of the solute.
Effectively increased size can be achieved by for proteins by conjugating them to a
scaffold such as a gold nanoparticle, which has been shown to substantially improve
partitioning for several proteins (Long and Keating 2006).

PEG/dextran ATPS have been encapsulated within giant lipid vesicles by
forming the vesicles under conditions where the ATPS exists as a single phase
(Long et al 2005; Long et al 2008; Li et al. 2008). The resulting vesicles have two
internal compartments, corresponding to the PEG-rich and dextran-rich aqueous
phases. Optical microscopy images of an ATPS-containing vesicle are shown in
Fig. 1.6a. On the left is a transmitted light image with differential interference
contrast, and on the right two confocal fluorescence images of the same vesicle.
The vesicle membrane has been labeled with fluorescent lipid, and is shown in red
(center). Note that there is no membrane present between the PEG and dextran
phases, which can be distinguished by the localization of a fluorescently labeled
streptavidin, which is partitioned to the PEG-rich aqueous phase (right).
Biomolecules such as proteins and nucleic acids have been localized to one of the
two coexisting aqueous compartments via simple partitioning into one of the phases
(Long et al. 2005). As will be described below, the local distribution of protein
within the vesicle interior can be altered by inducing a phase transition, or coupled
to patches of distinct lipid membrane phase domains to provide a simple model of
cellular polarity (Long et al. 2005; Long et al. 2008; Cans et al. 2008).
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Fig. 1.6 Aqueous two-phase systems encapsulated within giant lipid vesicles. (a) Local protein
concentration is controlled by partitioning into one of the aqueous phases, which serves as a
microcompartment. (Left) DIC image, (center) fluorescence of rhodamine tagged lipid, (right)
fluorescence of fluorescein tagged streptavidin localized to the PEG phase. (b) Microcompartments
due to phase separation can be dissolved and reformed by changing the temperature, scale bars =
10 microns (Adapted with permission from Long et al 2005)

Dynamic protein compartmentation. PEG/dextran solutions encapsulated within
lipid vesicles as described above can be converted between a single- and two- phase
system with slight changes in temperature or vesicle volume (i.e. polymer concentration).
This is possible only for certain polymer concentrations: too little polymer would
never phase separate, while too much would not convert to a single phase at elevated
temperature. Desirable polymer compositions must be determined by examination of
the phase diagram.

Polymer compositions that fall between two coexistence curves at different
temperatures (Fig. 1.5a) can phase separate reversibly to form distinct compartments.
Proteins that partition into one phase of the ATPS can be dynamically localized
to one compartment of the vesicle. As seen in Fig. 1.6b, at low temperatures an
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ATPS encapsulated vesicle contains two phases, each of which can serve as
microcompartments for proteins or other molecules. When the temperature is
increased the polymer composition lies below the relevant coexistence curve and
the solution becomes homogeneous, distributing the protein evenly throughout the
vesicle. If the temperature is decreased again the polymer composition falls above
the relevant coexistence curve and the solution phase separates, forming regions of
higher and lower local protein concentration (Helfrich et al. 2002; Long et al.
2005). Local protein concentration differences of tenfold could be maintained
indefinitely in these microcompartments (Long et al. 2008).

Changes in osmotic pressure have been used to change the morphology of an
ATPS-containing vesicle. Addition of sucrose to the surrounding solution resulted
in removal of water, decreasing the vesicle volume because membrane tension was
reduced and the concentration of both PEG and dextran polymers was increased,
changing the contact angle between the dextran phase and membrane allowing for
increased wetting (Li et al. 2008). As the excess membrane area increased, it
became possible for the two aqueous phases to change position within the vesicle,
minimizing contact between the PEG-rich and dextran-rich phase domains.
Figure 1.7 shows optical microscope images of this process, which results in
nonspherical vesicles that have one or more “buds” containing one of the aqueous
phases attached to a central vesicle body containing the other phase. Addition of

\) .' ..

Fig. 1.7 Coupling internal microcompartments with heterogeneity in the lipid membrane that
surrounds the vesicle. Top: lipid domains are labeled in red (L)) and green (L ), and the PEG-rich
aqueous phase has been labeled with alexa 633. Bottom: osmotic stress-induced budding results
in coupling of the PEGylated L membrane domain with the PEG-rich interior aqueous domain,
leaving the dextran-rich aqueous domain to be coated by the L, membrane (Adapted with permis-
sion from Cans et al 2008)
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water to the outside of the vesicle reverses this process as the polymers are diluted
(Long et al. 2008). These budded model cells exhibit structural and chemical/
biochemical polarity, and protein solutes are nonuniformly distributed to the
vesicle bud or body region. Simple experimental models such as this could provide
an opportunity to study the effects a polar intracellular environment in a simplified
experimental model.

Membrane Interactions. Organization and heterogeneity exist not only in the
cytoplasm but also within the lipid membranes of biological cells. Patches of the
membrane called domains or rafts are thought to concentrate certain membrane
proteins and to enable signaling from the exterior to the interior of the cell
(Alberts et al. 2002; Veatch et al. 2007). In model cells the membrane can
demonstrate heterogeneity and organization even in the absence of membrane
proteins (Veatch and Keller 2005). For example, when two lipid molecules with
dissimilar structure are mixed with cholesterol, micron-scale domains are
observed in model membranes (Cicuta et al. 2007; Veatch et al. 2007; Collins and
Keller 2008). These lipid membrane domains have been coupled to internal
aqueous phase domains in giant vesicles that contained a PEG/dextran ATPS
cytoplasm mimic (Cans et al. 2008). This was accomplished by incorporating
lipids with PEGylated headgroups preferentially into one of two coexisting micron-
scale lipid domains. When vesicles containing a PEG/dextran ATPS were subjected
to a hypertonic sucrose solution, the resulting budding transition led to vesicles in
which the PEG-rich internal aqueous phase was coated by the PEGlyated lipid
domain, leaving the dextran-rich aqueous phase coated with the other lipid domain
(Cans et al. 2008). An image is shown in Fig. 1.7, where the green represents the
PEGylated liquid ordered phase domain (L, ) of the lipid membrane, red indicates
the liquid disordered (L,) membrane phase, and blue shows the location of dye-
labeled PEG in the aqueous interior. Such vesicles are a primitive model for
coupling of cytoplasmic and membrane microcompartmentation.

1.4 The Role of Cytoplasm in the Evolution of the Cell

The earliest stages of cell formation are hypothesized to have occurred in dilute
solutions (Lazcano and Miller 1999). Computational evidence suggests that as the
cell evolved the concentration of its encapsulated components could play a crucial
role in growth rate and viability (Acerenza and Grana 2006). Non-covalent
interactions between macromolecules such as proteins and nucleic acids have been
suggested to improve macromolecule stability and activity (Spitzer and Poolman
2009), leading to a more crowded cytoplasm becoming favorable. This increase
in concentration would increase the opportunity for macromolecules to interact
with each other and form favorable interactions to increase fitness, such as
self-organization (Misteli 2001). Self-organized structures like enzyme complexes
and the cytoskeleton do not require complex mechanisms to maintain and regulate
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their structure, but have the flexibility to change readily when necessary.
Self-organization allows the cell to carry out its functions through the most thermo-
dynamically favorable method, while the non-covalent interactions it is based on
allows for the flexibility to adjust to outside forces. Even in the earliest precursors
to the living cell, simple organization mechanisms such as phase separation or
coacervation to form microcompartments may have been key to concentrating
organic molecules, facilitating the production and retention of polymers, and
enhancing the reaction rate to produce precursor molecules (Oparin 1976; Fox
1976). Experimental models that incorporate minimal cytoplasms can provide valu-
able insight into both modern and prebiotic cells.

1.5 Conclusions

Just as the plasma membrane was once thought of as protein floating in a sea of
lipid, but has more recently been found to harbor many levels of organizational
complexity thought to be crucial for normal cell function, our understanding of the
cytoplasm has changed much in recent years. There is increasing appreciation for
the active role of the cytoplasmic environment and its organization in intracellular
processes. It will be important to include minimal cytoplasms in experiments meant
to model living cells. From cytoplasm models of the greatest simplicity it has
already been possible to incorporate physical phenomena such as macromolecular
crowding that are known to exert substantial effects on biochemical reactions. By
combining the minimal cytoplasms discussed in this review with other components
such as lipid membranes and the transcriptional, translational, and metabolic
machinery of the cell, it will be increasingly possible to prepare minimal cells that
approach the complexity and functionality of their living counterparts.
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Chapter 2
Evolution of the Cell’s Mechanical Design

David Boal and Cameron Forde

Abstract The mechanical properties of the cell’s structural components influence
the size, shape, and functionality of the cell throughout its division cycle. For
example, a combination of the plasma membrane’s edge tension and bending
resistance sets a lower bound on cell size, while the membrane’s tear resistance sets
a pressure-dependent upper bound on the size of cells lacking a cell wall. The division
cycle of the simplest cells may be dominated by one or two principles such as the
maximization of entropy, or the minimization of energy or structural materials.
By studying colonies of cells, modern and fossilized, with techniques from classical
and statistical mechanics, a partial history can be charted for the appearance and
properties of the simplest cell designs.

Keywords Cell mechanics « membrane elasticity « microfossils e cell division cycle

2.1 Introduction

The sizes and shapes of cells have become more diverse with the passage of
geological time, built around a core of micron length scales and morphologies such
as rods, diplococci and filaments that appeared early in the Earth’s history. Yet the
incredibly slow change in cell dimensions is suggestive of optimization — that certain
structural designs are most appropriate for the complete chemical and physical
environment in which cells grow. The factors that must influence the design include
ease of construction and repair, appropriate strength and permeability, availability
of a mechanically feasible division cycle etc. Further, there may be physical
principles at play, such as energy minimization or materials minimization, and the
relative importance of each principle may depend on cell morphology or design.
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The maximization of entropy provides a simple example of how a physical
principle can drive the division cycle. If the area of the cell’s boundary (its membrane
and cell wall, if present) grows as fast as its volume, then at some point the surface
will form entropy-producing arms and channels, as shown in the computer simu-
lation of Fig. 2.1, a category of shapes known as branched polymers. If the arms
are physically able pinch off to form individual cells, then the entropy-driven
formation of branched polymer shapes can be the basis of a very simple cell division
cycle. Of course, this design is not at all efficient in the usage of materials: there is
a metabolic cost to producing cell boundary material and the boundary area of
branched polymer shapes is rather large before cell division is achievable. Among
other cell shapes, diplococci, rods, filaments have division cycles that are more
materials efficient than branched polymers.

In this chapter, we examine the mechanical properties of the structurally
simplest cells. In Section 2.1, the most important structural components are
identified and their properties as a function of cell size are analyzed using
results from continuum mechanics. For example, we describe the surface stress
experienced by a cell under elevated interior pressure and examine the defor-
mation energy of a lipid bilayer. Section 2.2 addresses the question of how the
construction of cells has changed in the past three billion years (3 Ga). In this
section, we analyze the bending resistance of 2—-3 Ga biofilaments using a tech-
nique originating in statistical mechanics, and we demonstrate the consistency
of design in both ancient and modern filamentous cyanobacteria, as well as
estimate some bounds on the mechanical properties of these filamentous cells.
In Section 2.3 we examine a number of models for the cell division cycle that
focus on the changes in cell shape during growth and division. We show how to
extract the time evolution of a system by measuring the instantaneous properties
of an ensemble of cells with steady-state growth. This methodology is then
applied in Section 2.4 to diplococci in order to study the division cycles of 2 Ga
microfossils and modern cyanobacteria. Our conclusions are summarized in
Section 2.5.

Fig. 2.1 Computer simula-
tion of entropy-driven cell
division in two dimensions.
Enclosed within this cell are
four genetic polymers (linked
spheres) as well as numerous
solvent spheres. Entropy-
laden arms only appear when
the perimeter of the cell
becomes large (Boal and Jun
unpublished)
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2.2 Mechanical Features of a Simple Cell

Consider as a model system a very simple cell design in which there are only one or
two structural components: (1) a fluid membrane that bounds the cell and isolates its
components from the environment, and perhaps (2) a shear-resistant wall attached to the
fluid membrane. By the word “fluid” we mean a two-dimensional structure that has no
shear resistance in its plane: for example, the chocolate coating on a cherry freshly
dipped in liquid chocolate is effectively a two-dimensional fluid in that the chocolate
can flow to adapt to the shape of the cherry. In contrast, a child’s balloon resists shear
in the plane of the rubber membrane, even though that membrane can be highly
deformed by the pressure of the balloon. The interior of this simple cell may be under
elevated osmotic pressure, just like modern bacteria, and the larger the cell is, the more
likely the fluid membrane must be augmented by a structure like a cell wall with high
tensile strength. We now examine several mechanical properties of fluid membranes.

2.2.1 Bending Resistance of a Membrane

The lipid bilayer that forms the (two-dimensional) fluid boundary of the cell is a
self-assembled structure whose equilibrium configuration is spatially flat if the
molecular composition is the same within both leaflets of the bilayer. Efforts to
bend an initially flat bilayer require the outlay of an energy cost per unit area E
whose simplest parametrization is (Helfrich 1973)

E=(x/2)(1/R +1/R,) +xs/RR,, 2.1

where the constants k (bending rigidity) and x; (Gaussian curvature modulus) have
units of energy. The quantities R, and R, are the two principal radii of curvature; for
example, a sphere of radius R has R, = R, = R, while a cylinder of radius R has R, = R
around the circumference and R, = o (i.e. no curvature) along the axis of symmetry.
To find the bending energy of a particular surface, one simply integrates E over the area
of the surface; hence the deformation energy of a spherical shell of radius R is 8tk +
4rnk,, independent of R. Lipid bilayers in conventional cells are found to have k =
10-25 kT, where k, is Boltzmann’s constant and 7'is the absolute temperature (Evans
and Rawicz 1990). The value of K, is less well known, but expected to have a similar
value to k. Thus, the deformation energy of a bilayer formed into a spherical shell is
127 = 250600 k, T when k= k.. Although this is not a huge amount of deformation
energy, why would lipid bilayers spontaneously deform at all to form a simple cell?
To answer this question, we next look at the so-called edge tension of a bilayer.

2.2.2 Edge Tension of a Bilayer

A fluid membrane not only resists bending, it also resists stretching and will rupture
once its area has been stretched by more than a few percent from its unstressed value.
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The creation of a hole in a membrane likely involves reconfiguring the lipid
molecules around the boundary of the hole in order to reduce contact between the
aqueous medium surrounding the bilayer and the water-avoiding hydrocarbon chains
of the lipid molecules that are normally hidden within the bilayer. In general, the
orientation of the lipids at the hole boundary is energetically unfavorable compared
to their orientation in an intact bilayer: that is, there is an energy penalty for creating
a hole. The boundary of the hole can be characterized by an edge tension A (energy
per unit length along the boundary), such that the energy of the hole is equal to 4
times its perimeter. Measured values of A are in the 107! J/m range; which is larger
than the minimum A required for membrane stability as estimated from computer
simulations of membrane rupture (Boal and Rao 1992).

2.2.3 Minimal Cell Size to Close a Bilayer into a Sphere

The energy of the membrane boundary and the energy of membrane bending have
a different dependence on the physical size of the membrane, with the result that a
flat membrane must reach a minimum size before it becomes energetically favorable
for the membrane to close up into a sphere. In detail, consider a membrane in the
shape of a flat disk of radius R, perimeter 2nR  , and consequently, total edge
energy 2nR  A. This shape will be energetically favored over a closed sphere with
bending energy 12nk (when x = k) so long as R, < 6x/A. Since we are more
interested in the dimensions of closed spheres than flat disks, we replace R, by
2R___ which applies when the disk and sphere have the same area. Thus, the minimum

sphere

radius of a closed sphere within this description of membrane energetics is R >
3x/A (after Fromhertz 1983). Typical values of x ~ 15 kT and A ~ 10" J/m lead to
the condition RSIDhere > 20 nm, which is somewhat less than the minimal size found
for pure bilayer vesicles obtained in laboratory studies. Once the membrane has
adopted the shape of a sphere, the configuration could be further stabilized by the
addition of lipids to the outer leaflet of the bilayer, thus reducing the strain created

by the bending deformation.

2.2.4 Maximal Size for Wall-Less Cells Under Pressure

In a child’s balloon or a bicycle tire, the pressure from the confined gas creates a
stress within the rubber membrane that forms the boundary of the system. The rubber
membrane can be regarded as an effectively two-dimensional system because its
thickness is much smaller than its lateral dimensions. Within the plane of the
membrane, then, there is a (two-dimensional) surface stress Il having units of
energy per unit area. For a spherical shell supporting a pressure difference P across
the shell, the surface stress is given by

IT=PR/2, 2.2)
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where R is the radius of the sphere and P has units of energy per unit volume,
as usual for a three-dimensional stress. Equation (2.2) tells us that for a fixed pres-
sure difference, the smaller the radius of the sphere, the smaller the surface stress.
This is the reason why a simple bacterium can support an osmotic pressure of several
atmospheres without needing a cell wall as thick as a tire.

When subjected to a surface stress, a membrane first stretches and then ruptures:
depending on their composition, lipid bilayers typically rupture at IT around 1 x
1072 J/m? on laboratory time scales (Needham and Hochmuth 1989). For a spherical
cell of radius R = 1 pum and no cell wall, rupture occurs at a fairly low osmotic
pressure: Equation (2.2) predicts that the pressure at a failure stress of IT= 107> J/m?
would be 2 x 10* J/m3 = 0.2 atm. Thus, a bacterium requires a cell wall to support
an osmotic pressure of several atmospheres, which is more than the lipid bilayer of
the plasma membrane can withstand. However, such is not the case for smaller
cells: the same type of calculation shows that a pure bilayer vesicle of just 100 nm
radius (or diameter 0.2 um) could operate at an osmotic pressure of 2 atm. without
needing a cell wall for additional strength (Boal 2002).

2.2.5 Bending and Packaging of DNA

Modern cells carry their genetic blueprint as DNA, which has a contour length that
well exceeds the linear dimension of the cell itself. As a double-stranded helix, DNA
is considerably stiffer than a simple flexible polymer like a saturated alkane, such that
for eukaryotic cells such as our own, the packaging of DNA inside the cell is a
challenge. The stiffness of a linear filament is often characterized through its bending
rigidity r or its persistence length &; we use the latter representation in this section and
introduce k; in Section 2.3. Mathematically, the persistence length is a measure of the
length scale over which the orientation of a curve undergoes a significant change in
direction. For molecules whose variation in shape is governed by thermal fluctuations,
¢ and x; are directly proportional to each other through & = x/k,T, from which one sees
that the stiffer the filament (larger x;) the longer the persistence length.

If a filament with a specific value of £ undergoes random changes in direction
all along its contour length L , then the root mean square value of the displacement
r, between the positions of the two ends of the filament is given by

<rl>=2¢L, (2.3)

where the notation < ... > implies than an ensemble average has been made from a
selection of all observed configurations. Equation (2.3) tells us that the stiffer the
filament (larger &) the greater the end-to-end displacement for a fixed contour
length. Let’s apply this to the DNA of E. coli, whose DNA contains 4.7 million base
pairs; at 0.34 nm per base pair, this strand of DNA has a contour length of 1.6 x 10°
nm. The persistence length of DNA is quoted as about 53 nm (Bustamante et al.
1994), so Eq. (2.3) predicts that the root mean square end-to-end displacement of
an open strand of DNA of E. coli is given by <. >"*=13um, not that much larger
than the physical size of the bacterium itself.
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A related measure of the size of a flexible filament is its radius of gyration, R,
which is defined by < R2 >=N" 12 lNriz, where the filament has been approprl-
ately sampled at N pomts with displacements r, from the center-of-mass position of
the filament. If the physical overlap of remote sectlons of the filament is permitted,
then randomly oriented filaments are governed by < R; >=<r>/6=EL_ /3. For
example we would expect < R} >'?=5.3um for the DNA of E. coli given the value
for <72 > calculated in the E. colz example above. A similar calculation for myco-
plasma, a very small cell with 800,000 base pairs of DNA, yields < R? >"?=2.2um.
For both of these structurally simple cells, the effective size of a ball of their DNA
is roughly the same linear dimension as the cell itself. However, this is not the case
for eukaryotic cells: human DNA is much longer than bacterial such that it takes up
far more volume in the cell as a random coil. Consequently, advanced cells have
developed a packaging technique in which their DNA is wrapped around barrel-
shaped proteins called histones, with a diameter of 11 nm, in order to organize and
sequester their long genetic blueprints.

The examples in this section (the constraints on cell size, the need for cell walls
to maintain cell integrity, the packaging of DNA) all illustrate the influence of cell
mechanics and construction on the stability and function of the cell.

2.3 Structural Evolution of Filamentous Cells

We now turn our attention to how the design and construction of cells has changed over
time, using as our guide a comparison between modern cyanobacteria and microfossils
more than two billion years old. The approach is not so much to make statistical
comparisons between cell shapes, but rather to determine, where feasible, mechanical
characteristics of cells before they were fossilized and chart the evolution of these
characteristics. In this section, we focus on the elastic properties of filamentous cells;
in Section 2.4 we investigate the cell cycles of diplococci and rod-like cells.

First appearing more than three billion years ago, filament-forming cells have been
present throughout much of the Earth’s history (Cloud 1965; Barghoorn and Schopf
1966; Walsh and Lowe 1985; Schopf and Packer 1987; Schopf 1993; Rasmussen
2000). Three examples of two-billion-year-old filamentous structures are displayed in
Fig. 2.2: parts (a) and (b) are Gunflintia minuta Barghoorn and Gunflintia grandis
Barghoorn, respectively (Barghoorn and Tyler 1965; author’s specimens from Lake
Superior, Canada) and part (c) is Halythrix Schopf (Schopf 1968; specimen from
Belcher Islands, Canada, in Hofmann 1976). Even older examples of filamentous
structures include 3.23 Ga pyritic replacement filaments (Rasmussen 2000). The
original internal construction of these filaments has been destroyed or modified by the
fossilization process, but that doesn’t mean that their native mechanical properties
cannot be probed by other means. Based solely on the analysis of static images,
several techniques are available for determining the mechanical behavior of cells, and
these approaches are equally adaptable to microfossils as they are to living cells.

The technique that we examine most closely in this section is the tangent
correlation length & that can be related to the resistance of a filament against
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Fig. 2.2 Examples of
Gunflintia minuta (a) and
Gunflintia grandis (b) from
GSC 10913c (Schreiber,
Ontario, Canada; Boal and
Ng 2010); Halythrix (c) from
GSC 42769 (Belcher Islands,
Canada; reported by
Hofmann 1976). Scale bar is
10 um in all images

Fig. 2.3 Unit tangent vectors
(t, t,, t) at arc lengths (s, 5,,
s ) along a sinuous curve.
Separations between the
locations As = |s, — s, are
distances, not displacements

ty Sn

52

S1
t; tn

bending. To see how this works, consider the changes in the local orientation of the
sinuous curve illustrated in Fig. 2.3 as recorded through the behavior of the tangent
vector t(s) at location s along the curve, where t has unit length according to the dot
product t « t = 1. If two location s, and s, are close to each other on the curve, then
t(s,) and t(s,) have similar directions and their dot product is close to unity. On the
other hand, if s, and s, are far apart along the curve (even though they may be close
spatially) their tangent vectors may point in quite different directions and t(s) * t(s,)
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may vary between —1 and +1. The average behavior of t(s,) * t(s,) is contained in
the tangent correlation function C (As),

C.(As)=<1(s,)*1(s,)> . (2.4)

The ensemble average indicated by the brackets < ... > on the right hand side of
this equation is performed over all pairs of points s, and s, subject to the constraint
that |s, — s | is equal to a particular As specified on the left hand side. When s, and
s, are nearby (As = 0), the ensemble average over t(s,) ® t(s,) is necessarily close to
unity, whereas when As is so large such that the tangent orientations are random
with respect to each other, the average is close to zero. For a variety of very general
situations, this behavior of C (As) at small and large As is described by exponential
decay in As (see Doi and Edwards 1986 or Boal 2002):

C (As)=exp(-As/&). (2.5)

The length scale for the correlations is provided by the tangent correlation length
&: the more sinuous the curve, the smaller is &. For filaments whose shapes are
governed by thermal fluctuations in their deformation energy, the correlation length
& of Eq. (2.5) is the same as the persistence length of Eq. (2.3). As a technical aside,
it should be mentioned that correlation function depends on the dimensionality of
the system: the true correlation length &, of a filament in three dimensional space
is related to the correlation length fszp of the same filament whose shape is projected
into two dimensions via &, = (3n/8) &, .

Now, the magnitude of the deformation of a filament in response to a shear stress
is inversely proportional to the filament’s stiffness or, properly speaking, its flexural
rigidity K the stiffer the filament, the smaller the deformation. To be specific, the
deformation energy per unit length for bending a uniform rod is equal to x/2
multiplied by the square of the rate of change of the tangent direction along the
filament contour. It can be established that the flexural rigidity of a uniform solid
cylinder of radius R is given by (see Boal 2002)

K, = nYR* /4, (solid cylinder) (2.6)

where Y is the Young’s modulus of the material; typically Y ~ (1-5) x 10® J/m? for
soft biomaterials. For a hollow cylinder of outer radius R bounded by a wall of
thickness ¢, the flexural rigidity can be approximated by

K, = TYR’t, (hollow cylinder) 2.7

when ¢t << R. Thus, the flexural rigidity grows as R* or R* for these two simple
shapes. Given that the energetic cost of the deformation is proportional to &, it
would not be surprising if the tangent correlation length & is also proportional to R®
or R*, as a benchmark.

Two correlation functions obtained from microfossils are shown in Fig. 2.4 for
projected filament trajectories in two dimensions, leading to the determination of the
correlation length & »» the figure shows both the raw data as well as their fit with an
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exponential function (Boal and Ng 2010). Two taxa from the Gunflint Formation
are displayed in the figure: G. minuta, the narrower of the two, is found to have
&,, = 670 £ 40 pm, while the wider G. grandis has a shorter §, of 330 + 30 um for
a particular subset of the G. grandis filaments (there may be two populations of fila-
ments in the group that are now collectively assigned as G. grandis, the S subset has
a smaller mean diameter than the genus as a whole, while the L subset has a larger
mean diameter). In both cases, ézp is a remarkable two orders of magnitude larger
than the diameter of the filament itself, a ratio of £:R that is common among both
microfossils and modern cells. For comparison, Fig. 2.5 shows the tangent correla-
tion lengths of three genera of modern cyanobacterial filaments that represent three
very different cell geometries (Geitlerinema, Pseudanabaena, and Oscillatoria,
from smallest to largest filament diameter). Both Geitlerinema and Oscillatoria
exhibit values of &, that rise with filament diameter among species of the genus.
Equations (2.6) and (2.7) demonstrate that x; depends most strongly on the fila-
ment radius, as R® or R* for the two idealized systems that we have considered.

1.00

Fig. 2.4 Tangent correlation

function C (As) as a function G. minuta

of separation As (in microme- Cy
ter) obtained by weighted
average for G. minuta (disks) 0.90

and the S group of G. grandis
(diamonds). The solid curves
are the exponential decays 085 F G grandis (S)
predicted by Eq. (2.5) with
ézp =670 and 330 pm for G.
minuta and the S group of 0.80 1 L L 1
G. grandis, respectively (Boal
and Ng 2010) As (um)

Fig. 2.5 Measured &, (in
micrometer) for filamentous
cyanobacteria as a function of [ Geitlerinema/

their mean diameter D. The L ! . .
correlation functions are | 74 Oscillatoria
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dashed lines, respectively;
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There are structural differences among even the three genera in Fig. 2.5, so the most
likely behavior of k; is that the species within a given genus obey a particular R"
scaling, but the proportionality constant will vary from one genus to another. For a
filament subject only to thermal fluctuations in its deformation energy, the correlation
length ft is linearly proportional to the flexural rigidity k. We assume that this
proportionality is also valid here, so that the anticipated functional form of the
correlation length is & = CR" (where the proportionality constant C varies with the
genus). Hence, a log-log plot of & versus R should be a straight line with a slope of
3 or 4 associated with the power-law dependence of k; on R.

The two straight lines shown in Fig. 2.5 are the functions

& =62D""  (Geitlerinema) (2.8)

& =4.3+D**' | (Oscillatoria) (2.9)

where D is the filament diameter quoted in microns, and the result for &, is also in
microns (Boal and Ng 2010). The exponents in these functional forms, 5.1 + 1
and 3.3 + 1, are seen to be in good agreement with the expectations from con-
tinuum mechanics for the R-dependence of the flexural rigidity. Yet Eqgs. (2.8) and
(2.9) are obviously not identical, indicating that there is a genus-dependence to the
behavior of the correlation length &. One characteristic that distinguishes among
the three genera of Fig. 2.5 and that might contribute to the difference between Egs.
(2.8) and (2.9) is the mean length-to-width ratio of the individual cells: roughly four
for Geitlerinema, 1.5-2 for Pseudanabaena and 0.7 for Oscillatoria. Thus, at a
given filament diameter, &, increases with the length-to-width ratio of the cell in
Fig. 2.5. Given the very large difference between the cell length-to-width ratios of
Geitlerinema and Oscillatoria, it may be that these two genera lie near two distinct
soft limits for the range of tangent correlation lengths available to cellular fila-
ments. That is, with its large length-to-width ratio of individual cells, Geitlerinema
may represent one limit, while the small length-to-width ratio of Oscillatoria rep-
resents the opposite limit.

Let’s now compare the behavior of modern filamentous cyanobacteria in Fig. 2.5
with the measured correlation lengths of microfossils as displayed in Fig. 2.6. The
first observation is that the tangent correlation lengths of the microfossil taxa
Gunflintia and Eomycetopsis are easily in the same range as modern filamentous
cyanobacteria. At 700 + 100 um, &, of E. filiformis is not far from Eq. (2.8) for &,
of Geitlerinema represented by the dot-dashed line on the figure. These two types of
filaments also have a similar visual appearance as tube-like structures. In addition,
E. filiformis is not that far removed from &, = 480 + 50 of modern Pseudanabaena
PCC 7403, although Pseudanabaena possesses marked indentations at the cell
division planes while E. filiformis does not. The three variants of Gunflintia in
Fig. 2.6 have correlation lengths in the 300-700 pm range for populations with
apparent diameters of 1-4 um: G. minuta lies near Eq. (2.8) for Geitlerinema while
the L subgroup of G. grandis lies near Eq. (2.9) for Oscillatoria. All of the Gunflintia
microfossils lie within the soft boundaries provided by Egs. (2.8) and (2.9) for the
most likely domain of correlation lengths. At less than 50 pm, the very short tangent
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